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Plan seminarium
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. Podstawy teorii funkcjonalu gestoSci.

Jadrowy funkcjonal gestosci w postaci standardowe;j.

Zaleznos¢ energii jednoczastkowych od statych

sprzezenia funkcjonalu gestosci.

4. Dopasowania energii jednoczastkowych do danych
doswiadczalnych.

5. Dopasowania mas jadrowych — analiza i propagacja
bledow w prostym modelu.

6. Podsumowanie i wnioski.
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Hohenberg-Kohn theorem

For any many-fermion state |¥) one can determine spatial distribution
of particles p(7) in the following way:

— — — k / — — A — — — —
p(7) = fd3r1 o dPFATH(F L TS (Zi:15(r — rz)> U(ry...T4).
This creates a map
&) — p(7)

and defines the class of states {|¥)} - that all have the same density
distribution

p(T) — {|‘I’>}p(rﬁ)-

By minimizing the energy of the system within the class {|¥)}
now define the energy-density-functional &£[p(7)]:

Elp(T)] = {|{I,r>1}n(q)<‘1’|ﬁ|‘1’>-
P\

It is then obvious that the exact ground-state energy FEj is obtained by
minimizing the functional £[p(7)] with respect to densities p(7).

p()r WE

Ey = min £[p(7)].
p(7T)
Jacek Dobaczewsk |
IFT’:T:?E-“' ;?' YVASKYLAN YLIOPISTO i




Hohenberg-Kohn theorem (trivial version)

For any many-fermion state |¥) one can determine mean-square radius
(7?) in the following way:

—, — — k / — — A — — —
(7)) = fd3r1 e PR (F L TY) <Zi:1ri2> W(ry...Ty).
This creates a map
|¥) — ()

and defines the class of states {|W¥)} ;2 that all have the same mean-
square radius

() — {|‘I’>}<f2> :
By minimizing the energy of the system within the class {|¥)} 72y, We
now define the energy-density-functional & [(7?)]:

E(F)] = {lgif{2><@|ﬁ|@>-

It is then obvious that the exact ground-state energy FE; is obtained
by minimizing the functional £[{7?)] with respect to mean-square radii

(™):
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Nuclear Energy Density Functional
(physical insight)

1° The energy-density functional that can be universal (valid for systems with any
particle number) must depend at least on the local particle density:

£1p(7)) = Elp(F)] = X [@*7o (7).

2° The energy-density functional that can describe shell effects must depend on the
local kinetic density (Kohn-Sham approach):
2

Elp(), 7)) = 5 a7 () + EM o),

3° The energy-density functional that can describe effective-mass, surface, and spin-
orbit effects must in addition depend on the gradient of density and spin-momentum
density:

2

Elp(7), T(7), Vp(7), T (7)] = - f 7 (7) + E™p(7), V p(7), T (7).

2m

4° The energy-density functional that can describe time-odd effects must in addition
depend on time-odd densities.
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Nuclear Energy Density Functional
We consider the EDF in the form,

£ = fd3r7-£(r),

where the energy density H(r) can be represented as a sum of the
kinetic energy and of the potential-energy isoscalar (¢ = 0) and isovector

(t = 1) terms,
2

h
H(r) = %To + Ho(r) + Hai(r),
which for the time-reversal and spherical symmetries imposed read:
Hi(r)=Cfp; + C] piri + CPPpiApy + 5C; I 4 CF piV - T

Following the parametrization used for the Skyrme forces, we assume
the dependence of the coupling parameters C? on the i1soscalar density

Po as:

Cf = Ci + Cippg -
The standard EDF depends linearly on 12 coupling constants,
ch, Ch, CI, C2*, C/, and CY’,

for t = 0 and 1.

- YV ASKYLAN YLIOPISTO




Nuclear densities as composite fields
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Modern Mean-Field Theory = Energy Density Functional

g — — — —

p, T, J. . T, s, F,

(® Hoherberg-kohn ) mean field = one-body densities

m Kohn-Sham | | d .
m Negele-Vautherin zero range — local densities
m Landau-Migdal finite range = non-local densities
\ = Nilsson-Strutinsky Y,
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Nuclear densities as composite fields

Density matrix:
p(Fo, 7o’) = (Blat (7o")a(7o)|®)

Scalar and vector part:

p(T,T") = Zap(’l?d, o)
s5(7,7) = > __p(Fo,7o’)(c’|&|o)
Symmetries:
pt (7, 7) = p*(7,7) = p(7,7)
st(7, 7)) = —&*(¥, ™) = —3(7,7)
Local densities:
Matter: p(7) = p(7, T)
Momentum: 7(7) = (1/20)[(V=V")p(7, 7)] per
Kinetic: (7)) = [V - V'p(7, 7)]rer
Spin: s(r) = §(7, 1)
Spin momentum: {W(f’) :_gl/%i)[(vu—v;)s,,(f’, ol ) -
Spin kinetic: T(7) = [V - V'§(7, 7)) p—p
Tensor kinetic:  F(7) = %[(6@6’4—6’@6)-5’(5’, )],y
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Witek consTrucTion oT Tne Tuncrtional
19 marca 2008 Perlinska et al., Phys. Rev. C 69, 014316 (2004)
.

p-h density p-p density

‘H(r)z—’rn )+ D (xe(r) + x(r))

t=0,1

Most general second order expansion in densities and their derivatives

iy P vA - s Jo T Ll 3 3
I“ li":l' == ':-Hlpﬁ 5 {"'[_l ﬂ.ﬁ'l_h‘iﬁl__l 3 g {."[Tlﬂ[] T"" . B I:-‘I--. HIJ'%. -|_ C[;TI:IE T Cljlrﬁju - Cl.'j.: JF[J? ; JF':.
Wy o . B ’ i 5] v ] K 1 2 & w
+ Coad+CP%y Aso+Clap Ty +Chit +C%ay - (V x jo) + CT(V - 85)2 + CF 20+ Fo,
xifr) = €l +CPFoAf+Clie7+ 00T + f::f L2402 €T 5o T

+ C2 4O AR+ CTF o T+ CIF 4+ C5-0 (W ]} + C-’FWIR? 82 +C{§-oF,

%olr) = Coldol® + CRR(s; - Ak) + CTR(E; - T :
+ Gl +CY 'R - vxgu%i““\? su:'*+r:?f R(aT - Fy), pairing
xilr) = CPpP +CPR(p" e Ap) + CTR(B" o) ' functional
+ GO+ O+ CPIR + TR o v - ), )

Not all terms are equally important. Usually ~12 terms considered
Some terms probe specific experimental data

Palrlnq functional poorly determined. Usually 1-2 terms active.
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Mean-tield equations
Mean-field potentials:

reven — V. My(f)V + Ui(7) + L( Vo - B, (7)+ B, (7)- Vo )
Tl — V. (3. Cy(M)V + G- Su(7) + L(V - L(F) + L(7) - V)=V - Dy(7)& - V
where
Ut = ZCfpt—I—ZCtApApt—I—CZTt—I—CtVJ6j;g,
3 = 2095 + 2C2°A8, + CTT, + CYIV X ji, —2CY* A8 +CFF,—2CY*V x (V X &)
]\{t — C{Pta
C; = C,:grgta
§t = 2057 jt _CtVJ % Pts

I, = 2Cij; + CYIV x &,

Dt — Cfgt,
Neutron and proton mean-field Hamiltonians:
2
h, = _;;_TA + ngen + ngd + Iﬂiven + F(l)dd,
hp _— _%A + ngen + ngd o Iﬂiven o F(l)dd.

HF equation for single-particle wave functions:
ha"vbi,a("?o') — Ei,a@bi,a('f'b'%

where ¢ numbers the neutron (a=n) and proton (a=p) eigenstates.

Jacek Dobaczewski

-

w YV ASKYLAN YLIOPISTO




10
| *°Ca, neutrons p T “Ca. protons p
5 A ’ QOO + > P ﬁu

00
TEEEE

0803.2291

¢ [MeV]
\\\E

2
<
Yol
S
=
—
220 A il 3]
3
-25 - + ~
30 “m
-2V 7 +d T +d 3,
| - SLyS | - SLy5 =
|wm B _ | _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ M
60 40 -20 O 20 40 -60 -40 -20 O 20 40 60 .
5C §C >
Orbitals:
< lds, =28y, +1ds, —+l1fy), 2p3pn *2p1p sy
umnmx\ow_ummwms\wx_ @.




10
1 40 1 40 =
p p
5 Ca, neutrons Cop L Ca, protons Cop m
0 3
f e e =
I | é V
M -15 - kﬁ\wﬁ%ﬁ%ﬁﬁ.* + M.,
"0 e 1 t
- I 3
25 - + c
30 | L
o SLy5 | +osys |8
Iwm [ T [ T [ T [ I T I [ I T [ m
40 -20 20 40 -40 -20 O 20 40 .
5C =
Orbitals:
< lds, =28y, +1ds, —+l1fy),
umnmx\ow_ufmmwms\wx_ @.




10
5 ] éOP neutrons Gm 1 éOP protons Om mj
0 3
_ S i g
W -10 E Lasasarsat vaAﬂm_
2 - .
- b\i\b\TD\D\P\P\WT»\_»\»\D\T =
b 1 T -
200 - i 3
| -- :
=25 + —
30 | I =
-3V 1 4 T 4
- 4 SLys | 4 SLys £
lwm _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ M
30 -20 -10 O 10 20 -30 -20 -10 O 10 20 30 .
5C 5C >
Orbitals:
< ldsp, =281, +1dsy, —+1fy), 2p3pn  *2p1p sy
umnmx\ow_umeNms\wx_ @.




10
1 40 L 40 =
5 Ca, neutrons OoPo | Ca, protons Oobb m
0 P &
5 - 1 X
| p— | II; ©
W -10 |;|§ vm_
B A, S
D) . - oI
220 A 1 3
- :
-25 A + =
30 | =
-3V 1 + T +
- 4 SLys5 | 4 SLy5 £
lwm — 1 T T T T T T T T T T — 1 T 1 T T T T T T T T M
-80 -60 -40 -20 0 20 40 -80 -60 -40 -20 0 20 40 60 .
5C 5C >
Orbitals:
< ldsp, =281, +1dsy, —+1fy), 2p3pn  *2p1p sy
umnmx\DWUmeNméwx_ @_




10

0803.2291

M. Kortelainen et al., arXiv

Jacek Dobaczewski

1 40 V] T 40 \VA|
5 Ca, neutrons C o & Ca, protons C 3
0 [ |
-5 g il
-10 - Yo*q*.\.\.\.kt\w/kf\. 1
-15 A T, 1+
220 A 1
05 - 1
-30 +d T +d
- __ SLyS | _ SLy5
lwm _ | _ _ _ _ _ | _ _ _ _ | _ _ _ _ _ _ _ T _
-60 -30 O 30 60 90 -60 -30 O 30 60 90 120
oC oC
Orbitals:
< ldsp, =281, +1dsy, —+1fy), 2p3pn  *2p1p sy
]




Linear Regression Analysis

Derivatives of single-particle energies with respect to coupling constants
B:m can be calculated in several ways.
1° The Feynman-Hellman theorem:

im = <¢z| |¢z>7

2° Finite-difference approximation:

e (Ch) =

3° Linear Regression Analysis:

e (C2 + df ) = Bimd: + B) + rF,

ei(C),) — e(C))
ctr—-cC- '’

/Bim —

Instead of analyzing the s.p. energies we may equivalently look at the
centroids of SO partners and their SO splittings:

cent _ 1 . .
€./ — 5 (€n£g< + €n£g>) ’
enﬁ — €n£j< o €n£j>7
Jacek Dobaczewski
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1,6 Fits of s.p. energies
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c
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Fits of single-particle energies
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HOow many parameters are really needed??

rms residual (MeV)
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A simple model to produce nuclear-mass
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J. Toivanen et al., to be published
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Dependence of standard deviations on the noise
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Distribution of singular values

10 | | | | | |
106— th _ —
— 4 order
d
10" — 3" order
. —_— 'lld .
107~ 2 order —

Singular value
=
|

J. Toivanen et al., to be published

10 7
sl (100 keV noise) )
10"+ L
10'12 | | | | | | | | |
0 20 40 60 80 120 140
Parameter
J k’Ditfizewk ﬁ




Dependence of standard deviations on the

number of parameters

3000 | | | | I | I | | I | I | | | | I | | | I | | ﬁ
=

I d -
07" order I
| d _
2500 -0 3" order .-g

th
- 0 /" order . Q.
- Q
E 2000 | | &
e

= | o9 ©
.S >
< 1500 — i
- p— §
> -
o) L N Q)
2 c
5 1000 — —@— —9—0—0 q:)
i 1 )
Y '2
500 — @00 keV IIOISGD _ ﬁ
- T —

O | | | | | | | | | | | | | | | | | | | | | | I‘?

0.5 0.6 0.7 0.8 0.9 ]

number of parameters / max. number of parameters

.| r
¢ e o T




Error propagation
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Fodsumowanie 1 wnioski

Teoria funkcjonalu gestoSci oparta jest na silnych ale

niekonstruktywnych twierdzeniach mechaniki kwantowej.

Konstrukcja jadrowego funkcjonalu gestosci oparta jest na

szczegoOlnych przestankach fizycznych.

Energie jednoczastkowe (jak rowniez masy caltkowite) zaleza

w przyblizeniu liniowo od stalych sprzezenia.

Standardowa parametryzacja jadrowego funkcjonalu gestosci:

* nie pozwala na pelne rozdzielenie efektow rozszczepienia
spin-orbita od masy efektywnej,

* nie jest wystarczajaco bogata aby poprawnie opisa¢é
doswiadczalne energie jednoczastkowe.

Standardowa parametryzacje mozna rozszerzaé poprzez

bogatsza zaleznos¢ stalych sprzezenia od gestosci,

uwzglednienie wyzszych niz druga pochodnych gestosci i/lub

uwzglednienie wyzszych niz druga poteg gestosci.

Profesjonalna analiza bledéw jest niezbednym elementem

dzialalnosci teoretyka.
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Regression coefficients
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